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Abstract	  	  
A validation study of the sky models of RADIANCE simulation software against the overcast sky 
condition has been carried out in order to test the accuracy of sky model of RADIANCE for modelling 
the overcast sky condition in Hong Kong. Two sets of data have been analysed. Firstly, data collected 
from a set of experiments using a physical scale model. In this experiment, the illuminance of four 
points inside the model was measured under real sky conditions. Secondly, the RADIANCE 
simulation has been used to simulate this physical model under overcast sky conditions using gensky 
sub-program with and without measured sky data, which is defined as Measured Sky and Default Sky, 
respectively. The analysis was based on the Mean Bias Errors (MBE’s), Root Mean Square Errors 
(RMSE’s) and Relative Errors (RE’s) between measured and simulated illuminance. This study found 
that CIE overcast sky model with measured sky data (Measured Sky) shows a very good accuracy in 
simulating the overcast sky condition. This was corresponded by low values of MBE’s and RMSE’s. 
While the CIE overcast sky model without measured sky data (Default Sky) shows a very bad 
accuracy, which has average MBE of more than 200%. The study recommended of using a design sky 
of 10,000 lux (diffuse illuminance) for the computer simulation under overcast sky condition for Hong 
Kong.	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I.	  Introduction	  	   In	  Hong	  Kong,	  the	  provision	  of	  natural	  light	  has	  been	  controlled	  by	  the	  Building	  (Planning)	  Regulations	  B(P)Reg.	   30,	   31	   and	  32	   [1].	   Basically,	   this	   regulation	   controls	   the	  minimum	  window	  glazing	  area	  and	  the	  distance	  between	  buildings.	  It	  is	  stipulated	  that	  the	  minimum	  window	  glazing	  area	   is	   10%	   of	   floor	   area.	   This	   window	   is	   referred	   as	   a	   prescribed	   window.	   According	   to	   this	  regulation,	   no	   prescribed	  window	   shall	   be	   deemed	   facing	   into	   external	   air	   unless	   it	   faces	   into	   a	  street	  which	  is	  not	   less	  than	  4.5m	  wide;	  or	   it	   faces	  into	  space	  uncovered	  and	  unobstructed	  above	  the	  area	  defined	  by	  the	  Rectangular	  Horizontal	  Plane	  (RHP).	  The	  RHP	  required	  that	  the	  minimum	  distance	   between	   building	   blocks	   is	   determined	   by	   a	   minimum	   inclined	   angle	   of	   71.5°	   and	   76°	  above	   the	   RHP	   for	   habitable	   rooms	   and	   kitchen,	   respectively.	   For	  window	   facing	   site	   boundary,	  these	  angles	  shall	  be	  increased	  to	  81°	  and	  83°	  for	  habitable	  rooms	  and	  kitchens,	  respectively.	  It	  is	  also	  stipulated	  that	  the	  RHP	  should	  have	  a	  minimum	  width	  not	   less	  than	  2.3m,	  with	  area	  not	   less	  than	  21m2.	  	  The	   existence	  of	   this	  prescriptive	   regulation,	   however,	   resulted	   in	   inadequacy	  of	   daylight	  illuminance	   in	   building	   interior	   of	   high-­‐rise	   buildings	   [2,3].	   In	   order	   to	   overcome	   this	   problem,	  Buildings	   Department	   has	   commissioned	   a	   consultancy	   study	   to	   review	   the	   standards	   of	   the	  lighting	  and	  ventilation	  requirements	  in	  buildings.	  Based	  on	  the	  findings	  from	  a	  consultancy	  study,	  the	  Buildings	  Department	   issued	  an	  alternative	  performance-­‐based	  approach	   for	   the	  provision	  of	  natural	  light	  and	  natural	  ventilation	  for	  habitable	  rooms	  and	  domestic	  kitchens	  for	  the	  purpose	  of	  Building	  (Planning)	  Regulations	  B(P)Reg.	  30,	  31	  and	  32	  [4].	  This	  new	  approach	  has	  been	  issued	  in	  the	   Practice	   Notes	   for	   Authorized	   Persons	   (PNAP)	   278.	   PNAP	   278	   required	   a	  minimum	   vertical	  daylight	   factor	   (VDF)	   of	   8%	   and	   4%	   for	   habitable	   rooms	   and	   kitchen,	   respectively.	   This	   VDF	   is	  measured	  or	  calculated	  at	  the	  centre	  of	  the	  tested	  window	  pane.	  VDF	  is	  the	  ratio	  of	  the	  illuminance	  that	   falling	   onto	   the	   vertical	   surface	   of	   a	   building	   to	   the	   unobstructed	   horizontal	   illuminance	  excluding	   direct	   sunlight	   (overcast	   sky	   condition).	   The	   use	   of	   overcast	   sky	   condition	   in	   this	  calculation	  is	  to	  represent	  the	  worst	  condition,	  which	  only	  calculates	  the	  minimum	  value	  [5].	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PNAP	  278	  allows	  the	  use	  of	  computer	  simulation	  in	  calculating	  the	  VDF	  for	  assessed	  rooms.	  However,	   the	  computer	  software	  should	  go	   through	   the	  validation	  process	  before	   it	   can	  be	  used.	  According	  to	  Appendix	  B	  PNAP	  278,	  there	  are	  four	  main	  criteria	  for	  the	  validation.	  One	  of	  them	  is	  “the	   accuracy	   of	   the	   Global	   Illumination	  Model	   of	   the	   software,	   which	   determines	   how	  well	   the	  software	  cater	  for	  the	  characteristics	  of	  the	  sky.”	  [4].	  The	  accuracy	  of	  the	  sky	  model	  of	  RADIANCE	  software	   in	   simulating	   overcast	   sky	   condition	   of	   Hong	   Kong	   is	   very	   crucial	   because	   the	   new	  alternative	  daylight	  performance	  method	  uses	  overcast	  sky	  condition	  for	  the	  calculation	  of	  vertical	  daylight	   factor	   (VDF).	  Therefore,	   the	  aim	  of	   this	  paper	   is	   to	  validate	   the	  sky	  model	  of	  RADIANCE	  software	  in	  simulating	  the	  overcast	  sky	  of	  Hong	  Kong	  and	  to	  find	  out	  the	  reference	  sky	  (design	  sky)	  for	  computer	  simulation	  in	  Hong	  Kong.	  	  	  
II.	  Literature	  Review	  	  	  RADIANCE	   simulation	   software	   is	   the	   predominant	   choice	   in	   the	   daylight	   simulation	  community.	   Based	   on	   a	   web-­‐based	   survey	   conducted	   by	   Reinhart	   and	   Fritz	   [6]	   from	   December	  2003	  to	  January	  2004,	  it	  was	  found	  that	  more	  than	  50%	  of	  participants	  use	  RADIANCE	  simulation	  engine.	  One	  reason	  for	  this	  well	  acceptance	  is	  the	  accuracy	  of	  RADIANCE	  software.	  The	  accuracy	  of	  RADIANCE	  has	  been	  tested	  by	  several	  validating	  studies.	  Firstly,	  Mardaljevic	  [7,	  8,	  9]	  found	  a	  strong	  correlation	   between	   daylight	   illuminance	   in	   a	   full-­‐scale	   office	   model	   (at	   the	   Building	   Research	  Establishment	   office,	   U.K.	   and	   the	   illuminance	   predicted	   by	   the	   RADIANCE	   simulation	   program	  under	  real	  sky	  conditions.	  Secondly,	  a	  study	  by	  Reinhart	  and	  Herkel	  [10]	  found	  that	  the	  accuracy	  of	  annual	  daylight	  simulation	  are	  dependent	  on	  several	  factors	  including	  the	  luminous	  efficacy	  model	  used	   in	   the	   simulation	   programs.	   This	   software	   has	   also	   been	   validated	   for	   the	   application	  simulation	  of	  external	  blinds	  in	  the	  tested	  office	  [11]	  and	  the	  simulation	  of	  translucent	  glass	  [12].	  They	  found	  a	  good	  agreement	  between	  the	  simulation	  and	  measurement	  results.	  	  However,	   a	   study	   done	   by	   Ng	   [13]	   in	   Hong	   Kong	   found	   that	   both	   RADIANCE	   and	  LIGHTSCAPE	  overestimated	  daylight	   availability	  by	  up	   to	  50%	  when	  under	   the	   condition	  of	  high	  external	  obstructions.	  This	  is	  a	  notably	  high	  discrepancy	  between	  measured	  and	  simulated	  results,	  and	  leads	  to	  the	  question	  as	  to	  whether	  these	  tools	  are	  capable	  of	  simulating	  the	  effects	  of	  high-­‐rise	  buildings	  in	  high-­‐density	  urban	  environments.	  	  	  According	  to	  Mardaljevic	  [14],	  the	  disagreement	  in	  Ng’s	  study	  [13]	  was	  likely	  resulted	  from	  an	  inaccuracy	  in	  the	  development	  of	  the	  building	  model,	  rather	  than	  a	  flaw	  in	  the	  inherent	  accuracy	  of	  the	  simulation	  program.	  The	  two	  most	  significant	  factors	  which	  appeared	  to	  have	  resulted	  in	  this	  disagreement	  stem	  from	  the	  assumption	  of	  CIE	  overcast	  sky	  conditions	  and	  the	  uncertainty	  in	  the	  effective	   reflectivity	   of	   textured	   building	   surfaces.	   In	   fact,	   Mardaljevic	   [14]	   states	   that	   the	  RADIANCE	   program	   is	   competent	   to	   produce	   high-­‐precision	   predictions	   for	   heavily	   obstructed	  urban	   environments,	   including	   a	   setting	   such	   as	   Hong	   Kong.	   	   However,	   modelling	   this	   urban	  environment	  presents	  significant	  challenges,	  most	  importantly	  in	  the	  choice	  of	  sky	  conditions	  and	  the	  specification	  of	  a	  building’s	  geometry	  and	  external	  reflectance.	  	  In	  order	  to	  accurately	  simulate	  the	  daylight	  performance	  in	  building	  interiors,	  an	  accurate	  sky	  model	   is	   required	   [15].	   The	   standard	   distribution	   of	   the	  RADIANCE	   simulation	   program	   can	  model	  a	  uniform	  sky	  as	  well	  as	  CIE	  standard	  skies,	  i.e.	  CIE	  clear	  and	  overcast,	  and	  an	  intermediate	  sky	  with	  and	  without	  sun,	  as	  appropriate.	  These	  skies	  can	  be	  modelled	  using	  the	  gensky	  program	  [16].	  These	  sky	  models	  are	  not	  very	  good	  at	  predicting	  actual	  daylight	  illuminance	  inside	  or	  outside	  the	   buildings	   and	   should	   only	   be	   regarded	   as	   ideal	   situations.	   The	  more	   accurate	   result	   can	   be	  obtained	  by	  using	  measured	  sky,	  which	  at	  least	  consists	  of	  the	  global	  and	  diffuse	  sky	  components.	  This	  will	  allow	  the	  sky	  and	  solar	  intensities	  to	  be	  inputted	  correctly	  in	  the	  simulation	  engine	  [17].	  	  In	   addition	   to	   these	   sky	   types,	   Delaunay	   [18]	   developed	   another	   sky	   program	   called	   the	  gendaylit	  program.	  This	  is	  based	  on	  the	  Perez	  All-­‐weather	  sky	  [19,	  20].	  This	  sky	  generator	  requires	  measured	  data	  of	  daylight	   illuminace/irradiance	  to	  be	   inputted	   in	  the	  sky	  description.	   In	  this	  sky	  generator,	   the	   sky	   condition	   is	   determined	   by	   the	   value	   of	   global	   and	   the	   direct	   or	   diffuse	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illuminance/irradiance.	  Recently,	  Greenup	  [21]	  implemented	  two	  new	  sky	  models	  into	  RADIANCE	  software,	   i.e.	   standard	   sky	   luminance	   distribution	   (SSLD)	   based	   on	   [22]	   which	   covers	   15	   sky	  conditions	  and	  the	  All-­‐Sky	  model	  based	  on	  [23].	  	  
III.	  Method	  	  In	   order	   to	   validate	   the	   sky	   models	   of	   RADIANCE	   software	   with	   local	   sky	   conditions	   a	  physical	   scale	   model	   has	   been	   constructed.	   The	   model	   represents	   a	   room	   of	   typical	   high-­‐rise	  residential	  building.	  In	  order	  to	  eliminate	  the	  effect	  of	  interior	  reflectance	  and	  only	  account	  the	  sky	  components	  the	  inside	  surfaces	  of	  the	  model	  have	  been	  painted	  in	  black	  colour	  [24,	  25].	  	  III.1.	  The	  Geometry	  of	  the	  Physical	  Scale	  Model	  For	  the	  purpose	  of	  this	  study	  a	  model	  made	  of	  plywood	  has	  been	  constructed.	  The	  detailed	  information	  of	  the	  model	  can	  be	  found	  in	  Figure	  1.	  	  
	  	   Figure	  1.	  Photos	  of	  model	  (left),	  model	  dimension	  and	  sensor	  locations	  (right)	  Source:	  Author	  	  III.2.	  Location	  and	  Time	  of	  Measurements	  The	  physical	  scale	  model	  has	  been	  located	  at	  the	  rooftop	  of	  Chow	  Yei	  Ching	  (CYC)	  Building	  at	   the	  HKU	  main	   campus	   for	  measurement	   purposes.	   The	   selected	   location	  was	   found	  with	   very	  minimum	  external	  obstructions	  (see	  Figure	  2).	  At	  this	  location,	  the	  sky	  is	  obstructed	  by	  the	  hill	  in	  the	  south,	  which	  gives	  a	  quite	  high	  obstruction	  of	  about	  20	  degree.	  For	  the	  northwest	  direction	  the	  sky	  were	  obstructed	  by	   residential	   towers.	  This	  also	  gives	  an	  obstruction	  of	   about	  20o.	  The	   least	  obstructed	  sky	  area	  is	  in	  the	  direction	  that	  ranges	  from	  east	  to	  the	  northwest.	  In	  order	  to	  minimise	  the	   impact	   of	   this	   obstruction	   the	   model	   was	   oriented	   to	   northeast	   (40o	   from	   north).	   This	   will	  enable	  the	  maximum	  penetration	  of	  daylight	   from	  un-­‐obstructed	  sky.	  This	  direction	  was	  used	  for	  the	   model	   measurements	   under	   all	   sky	   conditions.	   In	   the	   clear	   sky	   condition,	   additional	   three	  directions	  i.e.	  west,	  south	  and	  east	  have	  also	  been	  measured.	  This	  was	  carried	  out	  for	  the	  purpose	  of	  analyzing	  the	  impact	  of	  directions	  model	  on	  the	  inside	  illuminance.	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 Figure	  2.	  The	  fish-­‐eye	  photo	  looking	  upward	  at	  the	  model	  location	  at	  the	  roof	  top	  of	  CYC	  building,	  and	  the	  surrounding	  obstructions	  Source:	  Author	  	   	  For	   the	   measurements	   on	   June	   27	   and	   28,	   2007,	   due	   to	   few	   rains	   occurred,	   only	   five	  illuminance	  sensors	  were	  used	  which	  including	  four	  T-­‐10M	  sensors	  and	  one	  T-­‐10WL.	  The	  four	  T-­‐10M	   sensors	   were	   put	   inside	   the	   model	   and	   the	   T-­‐10WL	   was	   put	   in	   the	   outside	   for	   the	  measurements	   of	   unobstructed	   sky.	   The	   five	   sensors,	   the	   main	   body	   and	   the	   PC	   were	   linked	  together	   using	   adapter	   unit	   and	   several	   LAN	   cables.	   In	   the	   clear	   sky	   condition	   –	  measurements	  taken	  on	  November	  14,	  2007	  and	  February	  21,	  2008	  –	  all	  sensors	  were	  used.	  Four	  Minolta	  T-­‐10M	  sensors	  were	  positioned	  inside	  the	  model,	  a	  T-­‐10	  sensor	  was	  located	  in	  the	  outside	  (on	  the	  tripod)	  to	  measure	   the	   unobstructed	   horizontal	   illuminance,	   and	   the	   T-­‐10WL	  was	   placed	   in	   the	   outside	  model	  vertically,	   facing	  direction	  similar	  to	  the	  model	  direction.	  The	  measurements	  were	  directly	  collected	   and	   stored	   in	   the	   PC	   using	   T-­‐A30	   software.	   For	   the	   purpose	   of	   this	   study,	   only	   data	  measured	  on	  28	  June	  2007,	  which	  is	  categorised	  as	  overcast	  sky	  has	  been	  analysed	  (see	  Table	  1).	  	  	  Table	  1.	  General	  information	  of	  weather	  conditions	  and	  the	  determination	  of	  sky	  condition	  of	  physical	  scale	  model	  measurements	  
Date/ Time Weather Condition 
Measured Sky 
condition 
Average 
Sunshine (%) 
Cloud 
Ratio 
27 June 2007 (10am to 12pm) Cloudy with few rain Overcast 55 0.69 
28 June 2007 (10am to 1 pm) Cloudy with medium rain Overcast 0 0.99 
14 Nov 2007 (10am to 1pm) Sunny Clear 100 0.22 
21 Feb 2008 (12pm to 2pm) Sunny Clear 100 0.24 Source:	  	  Author	  	  	  	  III.3.	  Computer	  Simulation	  for	  Scale	  Model	  For	   calibration	   purposes,	   lighting	   software	   RADIANCE	   version	   3.7.2	   (UNIX	   version)	   has	  been	  used	  to	  simulate	  the	  interior	   illuminance	  of	  digital	  model.	  The	  software	  has	  been	  integrated	  into	  the	  LEARNIX	  4.0.2	  software	  developed	  by	  Low	  Energy	  Architecture	  Research	  Unit	  (LEARN)	  of	  the	   London	   Metropolitan	   University,	   UK.	   LEARNIX	   is	   a	   bootable	   LINUX	   distribution	   based	   on	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KNOPPIX,	  which	  means	  the	  software	  runs	  straight	  off	  the	  CD-­‐ROM	  and	  does	  not	  require	  installation	  on	  the	  local	  hard	  disk.	  This	  enables	  the	  RADIANCE	  Unix	  version	  to	  be	  run	  in	  Windows	  computers	  [26].	   The	   digital	  model	   parameters	   for	   simulation	   studies	   used	   the	   same	   parameters	   of	   physical	  scale	  model.	   The	   simulations	   carried	   out	   using	   four	   sky	  models	  with	  measured	   illuminance.	   For	  each	   sky	   condition,	   two	   sky	  models	  were	   compared,	   e.g.	   for	  overcast	   sky	   condition,	  CIE	  overcast	  sky	  model	   and	  Perez	   all-­‐weather	  model	  were	   compared.	  The	   same	  arrangement	  was	   applied	   for	  intermediate	  and	  clear	  sky	  conditions.	  RADIANCE	  software	  provides	  a	  lot	  of	  parameters	  in	  order	  to	  suite	  the	  simulation	  purposes.	  The	   selection	   of	   these	   parameters	   is	   very	   important	   step	   to	   determine	   the	   accuracy	   of	   the	  simulation	  results	   [25,	  12].	  The	  ambient	  parameters	  used	   in	   this	   simulation	   follow	   the	  minimum	  setting	   for	   reasonably	   accurate	   setting	   in	   the	   Basic	   Radiance	   Tutorial	   provided	   by	   LEARN	   [27].	  Since	  the	  objective	  of	  this	  study	  was	  to	  compare	  the	  sky	  models,	  therefore	  the	  -­‐ab	  2	  is	  reasonably	  accurate	  for	  this	  purpose.	  This	  -­‐ab	  2	  accounts	  for	  very	  big	  portion	  of	  light	  coming	  directly	  from	  sky	  and	  the	  very	  small	  portion	  of	  light	  reflected	  by	  internal	  surface	  of	  the	  model	  due	  to	  its	  black	  colour	  surface.	  It	  did	  not	  account	  inter-­‐reflected	  light	  inside	  the	  model.	  Other	  parameters	  are	  presented	  in	  Table	  2.	  	   Table	  2.	  Parameter	  settings	  of	  RADIANCE	  	  Parameter	  settings	   RADIANCE	  -­‐ab	  (ambient	  bounces)	   2	  -­‐aa	  (ambient	  accuracy)	   0.1	  -­‐ar	  	  (ambient	  resolution)	   256	  -­‐ad	  (ambient	  division)	   1024	  -­‐as	  (ambient	  super-­‐sampling)	   256	  Source:	  	  Adapted	  from	  Jacobs	  [27]	  	  	  The	  simulations	  have	  been	  repeated	  twice	  using	  two	  different	  gensky	  sub-­‐program	  without	  and	  with	  the	  insertion	  of	  measured	  sky	  data.	  From	  now	  on,	  the	  gensky	  without	  measured	  sky	  data	  will	  be	  referred	  as	  Default	  Sky,	  while	  the	  one	  with	  measured	  sky	  data	  will	  be	  referred	  as	  Measured	  Sky.	  The	  difference	  between	  Default	  Sky	  and	  Measured	  Sky	  can	  be	  seen	   in	  the	  Table	  3.	   In	  details,	  Default	  Sky	  means	  that	  sky	  parameters	  used	  in	  the	  simulation	  contain	  only	  default	  values	  i.e.	  date,	  time,	  sky	  condition,	  and	  location	  parameters.	  While	  Measured	  Sky	  means	  that	  in	  addition	  to	  those	  default	   values,	   the	   horizontal	   diffuse	   irradiance	   in	  W/m2	   (-­‐B)	   has	   been	   inserted	   into	   the	  gensky	  formula	  in	  order	  to	  control	  sky	  luminance.	  The	  –B	  value	  was	  derived	  from	  the	  field	  measurement	  which	  equal	  to	  the	  diffuse	  illuminance	  divided	  by	  the	  RADIANCE	  conversion	  of	  179	  [5].	  	   Table	  3.	  The	  examples	  of	  Gensky	  formula	  Sky	  Model	   Gensky	  formula	  Default	  Sky	   !gensky	  6	  28	  +10.667	  -­‐c	  -­‐a	  22.2	  -­‐o	  114.2	  -­‐m	  120	  Measured	  Sky	   !gensky	  6	  28	  +10.667	  -­‐c	  -­‐a	  22.2	  -­‐o	  114.2	  -­‐m	  120	  	  	  	  -­‐B	  55.866	  	  For	   this	   experimentation,	   129	   skies	   were	   measured	   and	   simulated.	   In	   the	   simulation	  process,	  each	  sky	  was	  simulated	  twice;	  by	  using	  gensky	  sub-­‐program	  without	  and	  with	  measured	  sky	  data,	  respectively.	  This	  means	  that	  258	  skies	  were	  simulated,	  which	  required	  simulations	  to	  be	  repeated	  258	  times	  using	  manual	  method.	  In	  order	  to	  minimise	  these	  repetitions	  two	  shell	  scripts	  have	  been	   formulated	  and	  used	   in	   the	   simulations.	  The	  example	  of	   these	   scripts	   can	  be	   found	   in	  Baharuddin	  [28].	   	  III.4.	  Data	  Analyses	  Daylight	  illuminance	  data	  gathered	  from	  scale	  model	  experimentation	  have	  been	  compared	  with	   the	   results	  of	   the	   simulations.	  Only	  data	   recorded	  and	  simulated	   inside	   the	  model	   are	  were	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included	   in	   the	   analysis.	   According	   to	   Iqbal	   [29]	   comparison	   of	   an	   individual	   value	   against	   a	  measured	  value	   is	  not	   a	   sufficient	   test	   of	   accuracy.	  Two	  widely	   accepted	   statistical	   tools,	   namely	  mean	  bias	  error	  (MBE)	  and	  root	  mean	  square	  error	  (RMSE)	  have	  been	  used	  to	  analyse	  the	  accuracy	  of	  simulation	  results	  that	  based	  on	  different	  sky	  models	  in	  modelling	  the	  local	  sky	  conditions.	  	  According	   to	   Iqbal	   [29]	   MBE	   is	   an	   indication	   of	   the	   average	   deviation	   of	   the	   predicted	  values	   from	   measured	   values	   and	   RMSE	   is	   a	   measure	   of	   variation	   of	   predicted	   values	   around	  measured	   values.	   MBE	   provides	   a	   long-­‐term	   performance	   of	   the	   models,	   while	   RMSE	   provides	  information	  on	  the	  short-­‐term	  and	  indicates	  the	  scattering	  of	  the	  data	  around	  the	  models	  [25].	  MBE	  value	  could	  be	  positive	  or	  negative	  but	  RMSE	  always	  positive.	  Both	  MBE	  and	  RMSE	  have	  ideal	  value	  of	   0	   (zero).	   In	   this	   analysis,	   the	   relative	  MBE	   and	   RMSE	  were	   used.	   The	   equations	   for	  MBE	   and	  RMSE	  are	  as	  follows	  [30]:	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  where:	  	  	  	  	  	   	  	   MBE	  (%)	   =	  mean	  bias	  error	  	  	  	  	  	  	  	  RMSE	  (%)	   =	  root	  mean	  square	  error	  	   I	   =	  predicted	  indoor	  illuminance	  (lux)	  	   Im	   =	  measured	  indoor	  illuminance	  (lux)	  
	  	  	  	  	  N	   =	  number	  of	  observations	  	   The	  accuracy	  of	  sky	  models	  was	  determined	  by	  using	  the	  MBE	  and	  RMSE	  values.	  According	  to	  Bacon-­‐Shone	  [31],	   the	  most	   influential	   factor	   to	  determine	  the	  accuracy	  of	   these	  models	   is	   the	  RMSE	  value.	  However,	  no	  exact	  figure	  of	  RMSE	  to	  be	  used	  to	  measure	  the	  accuracy	  of	  these	  models.	  This	   mostly	   depends	   on	   the	   context.	   For	   this	   reason,	   the	   values	   of	   RMSE	   20%	   will	   be	   used	   to	  determine	  the	  accuracy	  [8].	  Therefore,	  the	  model	  with	  RMSE	  20%	  or	  less	  will	  be	  considered	  has	  a	  good	  accuracy,	   those	  with	  RMSE	  about	  20%	  to	  40%	  will	  be	  considered	  has	  a	  moderate	  accuracy,	  and	  those	  with	  RMSE	  more	  than	  40%	  will	  be	  determined	  has	  a	  low	  accuracy.	  	  
IV.	  Result	  and	  Discussion	  	   This	   section	   presents	   the	   comparison	   between	   the	   measured	   and	   simulated	   illuminance	  under	   overcast	   sky	   condition.	   Two	   set	   of	   simulation	   results	   were	   compared	   to	   the	   measured	  illuminance.	  In	  addition,	  this	  section	  also	  makes	  a	  recommendation	  on	  the	  reference	  value	  for	  the	  overcast	  sky	  condition	  to	  be	  used	  in	  the	  computer	  simulation.	  	  	  IV.1.	  Validation	  of	  CIE	  Overcast	  Sky	  Model	  Two	   sets	   of	   simulation	   results	   have	   been	   calculated	   using	   gensky	   sub-­‐program	  with	   and	  without	   measured	   sky	   data.	   Table	   5	   shows	   the	   comparison	   of	   MBE’s	   and	   RMSE’s	   of	   simulated	  results	  between	  the	  Default	  sky	  and	  Measured	  sky	  at	  the	  four	  points	  under	  overcast	  sky	  condition.	  Measured	  sky	   tends	   to	  overestimate	   the	   illuminance	  at	  all	  points	  except	  P4.	  At	  P4,	  Measured	  sky	  underestimates	  the	  illuminance	  with	  the	  MBE	  -­‐8%.	  Its	  overall	  performance	  is	  quite	  good	  with	  the	  average	   (absolute)	  MBE	   is	   less	   than	  10%.	  Except	  at	  P1,	  Measured	   sky	  has	  very	  good	  accuracy	   in	  predicting	  the	  internal	   illuminance.	  At	  P1,	   its	  accuracy	  is	  quite	   low	  with	  RMSE	  34%.	  On	  the	  other	  hand,	  Default	  sky	  gives	  very	   large	  bias	  at	  all	  points	  (P1	  to	  P4).	  The	  average	  MBE’s	  and	  RMSE’s	   in	  these	  points	  are	  more	  than	  200%.	  In	  summary,	  Measured	  sky,	  which	  used	  overcast	  sky	  model	  with	  measured	  illuminance	  data	  is	  accurately	  calculated	  the	  overcast	  sky	  condition	  of	  Hong	  Kong.	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  Table	  2.	  The	  comparison	  of	  MBE’s	  and	  RMSE’s	  of	  simulated	  results	  between	  Default	  and	  Measured	  Sky	  	  	  Sky	  Model	   Statistic	  analyses	   P1	   P2	   P3	   P4	   Ave.	  Default	  sky	   MBE	  %	   256.9	   194.7	   203.4	   168.9	   206.0	  RMSE	  %	   264.3	   200.4	   208.4	   173.1	   211.6	  Measured	  sky	   MBE	  %	   21.9	   0.2	   3.4	   -­‐8.5	   8.5	  RMSE	  %	   34.1	   19.0	   18.9	   18.7	   22.7	  	  	   In	  detail,	  Default	  Sky	  produces	   the	  worst	  accuracy	  at	  P1.	  Despite	   this	   low	  accuracy	  at	  P1,	  CIE	   overcast	  with	  measured	   value	   (Measured	   sky)	   gives	  more	   accurate	   results	   compared	   to	   CIE	  overcast	  without	  measured	  value	  (Default	  sky).	  At	  these	  points	  the	  visible	  angles	  of	  photo-­‐sensors	  are	  quite	  small	  i.e.	  about	  22	  to	  70o	  (Figure	  4).	  	  	   	  
	  Figure	  3.	  The	  visible	  angles	  at	  different	  position	  of	  the	  photo-­‐sensors	  inside	  the	  model	  Source:	  Author	  	  The	   detailed	   analyses	   of	   RE’s	   of	   simulation	   results	   with	   Measured	   Sky	   are	   presented	   in	  Figure	   4.	   Except	   for	   P1,	   the	   RE’s	   are	   ranging	   in	   between	   -­‐50%	   and	   40%.	   These	   give	   very	   good	  MBE’s	  and	  RMSE’s	  of	   less	   then	  ±10%	  and	  20%,	  respectively	  at	   these	  points.	  At	  point	  P1	   the	  RE’s	  concentrated	   at	   the	   interval	   0%	   to	  50%	  produce	  much	  higher	  MBE	  and	  RMSE	  of	   22%	  and	  34%,	  respectively.	  	  This	  confirmed	  that	  the	  accuracy	  of	  CIE	  overcast	  sky	  model	  that	  was	  integrated	  into	  RADIANCE	  software	  was	  accurately	  to	  model	  the	  overcast	  sky	  condition	  of	  Hong	  Kong.	  These	   results	   agree	  with	   the	   study	   carried	   out	   by	  Mardaljevic	   [8].	   The	   average	   absolute	  MBE	  and	  RMSE	  for	  CIE	  overcast	  sky	  in	  Mardaljevic	  [8]	  study	  are	  11%	  and	  25%,	  respectively.	  In	  fact,	  Li	  et	  al.	  [25]	  found	  a	  strong	  correlation	  between	  scale	  model	  measurement	  results	  and	  RADIANCE	  simulation	   results	   for	   overcast	   and	   clear	   sky	   conditions	   in	   Hong	   Kong	   using	   daylight	   coefficient	  (DA)	   approaches.	   They	   also	   found	   a	   very	   good	   correlation	   between	   scale	   model	   and	   simulated	  results	   under	   overcast	   sky	   using	   daylight	   factor	   (DF)	   approaches.	   This	   study	   demonstrated	   that	  how	  the	  use	  of	  measured	  local	  sky	  data	  in	  the	  simulation	  could	  minimise	  the	  discrepancy	  between	  the	  predicted	  and	  measured	  illuminance	  in	  the	  model.	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  Figure	  4.	  The	  Relative	  Errors	  (RE’s)	  of	  simulated	  results	  using	  Measured	  Sky	  Source:	  Author	  	  IV.2.	  Illuminance	  for	  Reference	  Sky	  The	  reference	  sky	  (design	  sky)	  is	  the	  sky	  value	  that	  can	  be	  used	  for	  the	  daylight	  design.	  It	  derived	   from	   the	   statistical	   sky	   data.	   Design	   sky	   is	   determined	   by	   the	   availability	   of	   diffuse	  illuminance	   that	   occurred	   for	   more	   than	   certain	   percentage	   of	   the	   time	   from	   9am	   to	   5pm.	   In	  Australia,	   the	   available	   diffuse	   illuminance	   should	   be	  more	   than	   90%,	  while	   in	  Northern	  Eroupe	  and	  North	  America,	  85%	  is	  acceptable	  [32].	  	  In	  Hong	  Kong,	  no	  design	  sky	  (reference	  illuminance)	  has	  been	  proposed	  yet.	  Based	  on	  the	  daylight	  measurement	  at	  the	  HKU	  daylight	  station,	  we	  then	  propose	  to	  use	  10,000	  lux	  as	  the	  design	  sky	  (reference	  sky)	  for	  Hong	  Kong.	  This	  proposal	  was	  based	  on	  the	  availability	  of	  global	  and	  diffuse	  horizontal	   illuminance	   as	   presented	   in	   Baharuddin	   et	   al.	   [33]	   which	   was	   exceed	   10,000	   lux	   for	  more	   than	   87.5%	   of	   the	   time	   (see	   Figure	   5).	   In	   order	   to	   simulate	   the	   overcast	   sky	   with	   the	  horizontal	   diffuse	   illuminance	   of	   10,000	   lux,	   the	   value	   of	   –B	   55.866	   should	   be	   inserted	   in	   the	  gensky	  formula	  as	  demonstrated	  in	  Table	  5.	  This	  value	  was	  derived	  from	  10,000/179	  according	  to	  the	  guidelines	  for	  daylight	  simulation	  provided	  by	  Mardaljevic	  [5].	  	  
	  Figure	  5.	  The	  cumulative	  frequency	  of	  global	  and	  diffuse	  horizontal	  illuminance	  	  Source:	  adapted	  from	  [32]	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V.	  CONCLUSION	  	   This	  experiment	  shows	  that	   the	  sky	  model	  of	  RADIANCE	  software	  has	  a	  good	  accuracy	   in	  predicting	   daylight	   illuminance	   inside	   the	   scale	   model	   using	   measured	   illuminance	   of	   local	   sky	  condition	   of	   Hong	   Kong.	   This	   study	   also	   demonstrates	   that	   the	   use	   of	  measured	   illuminance	   for	  simulation	  produce	  more	  accurate	  results	  than	  the	  default	  illuminance	  which	  is	  only	  based	  on	  the	  CIE	  overcast	   sky	  model	  with	  default	   parameters.	  This	   study	   shows	   that	  CIE	  overcast	   sky	  models	  with	  measured	  sky	  data	  is	  accurate	  to	  be	  used	  for	  simulating	  Hong	  Kong	  sky	  conditions	  provided	  that	   the	   measured	   sky	   illuminances	   are	   inputted	   correctly.	   	   For	   the	   simulation	   purpose,	   the	  reference	  sky	  of	  10,000lux	  of	  diffuse	  illuminance	  can	  be	  used	  to	  simulate	  Hong	  Kong	  overcast	  sky	  condition	  as	  the	  worst-­‐case	  scenario.	  For	  RADIANCE	  software	  a	  value	  of	  –B	  55.866	  shall	  be	  inserted	  into	  the	  gensky	  formula	  in	  order	  to	  simulate	  this	  representative	  sky	  condition.	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